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Abstract
The neutron electric dipole moment (nEDM) experiment at the Spallation Neutron
Source (SNS) will measure the electric dipole moment (EDM) of the neutron with a
precision of 5.4×10−28 e · cm. This experiment utilizes polarized 3He in superfluid 4He
to detect neutron precession in a 30 mG magnetic field and 75 kV/cm electric field via
the spin dependent reaction n+3He→ p+3H+764KeV. Polarized 3He is produced by
an atomic beam source (ABS) and incident on a free surface of superfluid helium in the
“injection volume”. A film burner and baﬄe is used to contain superfluid film climbing
the walls of the volume, preventing helium vapor from scattering the incoming beam.
From the injection volume 3He diffuses into an intermediate volume. From this point
heat flush is used to transport the polarized 3He into and (once depolarized) out of the
measurement cells.
The heat flush mechanism transports the 3He by utilizing collisions between phonons,
generated in the superfluid helium by establishing a thermal gradient, and the 3He.
Since phonons have no spin these collisions preserve the polarization of the 3He. A test
of the heat flush mechanism has been conducted using a capacitive pressure sensor to
measure the change in concentration resulting from using heat flush to transport 3He
from one volume of superfluid to another connected by a small diameter pipe. The
system initially had an uniform 3He concentration of approximately 0.8 ppm. This test
demonstrates that heat flush can be used to transport 3He in the temperature range
of 350-550 mK, as well as providing a measurement of the phonon dominated diffusion
constant of 3He in this temperature region. A value of D = 2.56
+.14
−.09
T 7 f(T ) was found.
The measured constant is 3 times larger than what is calculated by Baym, Beck and
Pethick in [27, 28]. Also it has been demonstrated that a film burner can be used to
control superfluid film, and prevent vapor that would otherwise scatter the polarized
3He beam from the ABS into the injection volume. At 310 mK, 3.4 mW is required to
contain the vapor within the baﬄe.
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1 Introduction
The observed matter antimatter asymmetry of the universe gives reason to believe there is
more CP violation than what is currently known from the standard model. Extensions to
the standard model such as supersymmetry have been proposed that generate extra sources
of CP violation. Since the neutron electric dipole moment (nEDM) depends on the amount
of CP violation in the baryon sector, these theories consequently also predict larger values
for the neutron EDM. This makes the neutron EDM a sensitive probe to physics outside the
standard model. With an expected precision of 5.4×10−28 e · cm, the SNS nEDM experiment
will be able to constrain or rule out many such extensions to the standard model by placing
a new upper limit on, or measuring, an nEDM.
The proposed experiment will utilize trapped ultracold neutrons (UCNs), in a superfluid
bath, precessing in parallel magnetic and electric fields. The rate of precession will be
measured using the spin dependent reaction rate between neutrons and polarized 3He, which
precesses at a similar rate as the neutrons. A change in the precession frequency due to
changing the relative directions of the electric and magnetic fields indicates an EDM.
At the University of Illinois, design and testing related to the 3He transport into and out
of the EDM measurement cells is being conducted. The proposed 3He transport mechanism
is the so-called heat flush effect which utilizes a heater to drive phonons in the superfluid
away from the heat source. These phonons undergo collisions with the 3He, pushing the 3He
in the direction of the “phonon wind”. This transport mechanism must be tested.
1.1 Symmetries and CP Violation
According to Noether’s theorem, a transformation under which the action, or if time inde-
pendent, the Hamiltonian, is invariant corresponds to a conserved quantity. Three trans-
formations that are common in nuclear and particle physics are parity (P), which reverses
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spatial coordinates, charge conjugation (C), which replaces a particle with its antiparticle,
and time reversal (T) which reverses the flow of time. Generally these transformations are
good symmetries, however, violation has been observed. Violation of P was first observed in
Co60 decays by Wu et al in 1957 [1], in 1964 CP violation, the combined violation of both the
C and P symmetries, was observed in neutral kaons decays [2], and in 1998 the first direct
observation of T violation occurred, in neutral kaon oscillations, by Angeloupolous, et al. [3].
Additionally, the CPT theorem implies the combined symmetry of CPT is conserved. From
this it then follows that that the existence of CP violation in a system implies T violation,
and vice versa. CP violation is of particular interest because of its relation to baryogenesis.
1.1.1 CP Violation and the Baryon Asymmetry of the Universe
The baryon asymmetry of the universe (BAU) refers to the abundance of matter over an-
timatter in the observable universe. Direct observations demonstrate that nearby luminous
matter is composed of baryons. Additionally, cosmic rays, which come from all over the
galaxy, are also consistent with a matter dominated universe. For example, antiproton cos-
mic rays are seen at the 10−4 level compared to protons, which is consistent with what is
expected from cosmic ray collisions with interstellar matter [4]. Additionally, the lack of
observed strong gamma ray flux from nucleon-antinucleon annihilation provides evidence
that nearby galaxy clusters are matter dominated as well [4]. The size of baryon-antibaryon
asymmetry is characterized by the ratio of the number density of baryons minus the number
density of antibaryons divided by the entropy density (η = nb−nb¯
s
), and has been determined
to be approximately 10−10 [4]. If one assumes matter and antimatter were produced in equal
measure during the big bang, a physical process in the early universe is required to generate
the current asymmetry. This currently unobserved process is referred to as baryogenesis.
In 1967 Sakharov determined that three conditions would be necessary for baryogenesis:
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Baryon number violation, violation of both C and CP symmetry, and that the matter gen-
erating process must occur outside of thermal equilibrium [5]. Baryon number (B) violation
has yet to be observed, and without C and CP violation there would be equal numbers
of baryons and antibaryons due to symmetric annihilation rates [5]. Consider the baryon
number violating reaction i → f that results in ∆B = b and its charge conjugate reaction
i¯→ f¯ which gives ∆B = −b [6]. If C is a perfect symmetry the probability of both reactions
are equal and the net change in baryon number is zero. Therefore C violation is necessary
to get baryon antibaryon asymmetry. However, this is actually insufficient, we still need CP
violation. If CP symmetry is preserved, by CPT theorem, T symmetry is also preserved
and therefore the reaction rate of i (rj, pj, sj)→ f (rk, pk, sk), with ∆B = b, would be equal
to it’s time reverse f (rk,−pk,−sk) → i (rj,−pj,−sj), with ∆B = −b. Consequently in-
tegrating over all momenta and summing over all spins must result in no net change in
baryon number [6]. With just C violation baryon number violation is possible in some spe-
cific region of phase space; CP (or T) violation, in addition to C violation, is required to
get global baryon antibaryon asymmetry. Additionally, any baryon generating process must
occur outside thermal equilibrium, since in thermal equilibrium a particle and its antipar-
ticle will have the same energy, and therefore the same number density [5]. For particles
and antiparticles in thermal and chemical equilibrium (chemical equilibrium implies the rate
of particle antiparticle interactions is greater than the expansion rate of the universe), the
number density of a non relativistic baryon X is given by nX = gX (mXT )3/2 e−mX/T+µX/T
1 . Since, XX → γγ implies µX = −µX¯ , we also have nX = gX (mXT )3/2 e−mX/T−µX/T
[6]. The difference in the number densities of X and X, which is proportional to B, is then
given by gX (mXT )3/2 e−mX/T
(
eµX/T − e−µX/T
)
. If there exists a B violating process, such
as XX → XX, then µX + µX = µX + µX ⇒ µX = µX . Remembering that we also have
µX = −µX , we get that µX = 0, and consequently the net change in B must also be zero
1factors of kB and c have been dropped for simplicity
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[6]. To avoid this the B violating process must occur outside thermal equilibrium. In light
of these conditions, a CP violating quantity like the neutron EDM is of interest to the study
of baryogenesis.
1.1.2 CP Violation in the Standard Model
In the standard model, the observed CP violation in the quark sector comes from the one
(CP violating) phase in the CKM matrix. It is this phase, for example, that is responsible
for CP violation in neutral kaon decays. However, this phase alone is too small to account
for the observed baryon anti-baryon asymmetry of the universe [8]. Potentially, additional
CP violation can come from the so called theta term in the QCD Lagrangian [4, 7],
Lθ =
θg2s
32pi2GµνG˜
µν
which, explicitly violates CP through the product of G and it’s dual (analogous to −→E · −→B
in QED). Theta has been determined to have an upper bound of 1.5 × 10−10 from 199Hg
EDM measurements [10]. The small size of theta is surprising given it has a natural scale
of approximately O(1). One proposed explanation of the size of theta, posits that theta
is a field instead of a constant, and breaking the resulting symmetry results in a currently
undetected Goldstone boson known as the axion, as well as reducing theta to zero [9]. Given
that theta is small, extensions to the standard model are required to generate the needed
CP violation for baryogenesis.
1.1.3 CP Generating Extensions to the Standard Model
One way to generate the extra CP violation needed for baryogenesis, would be if neutrinos
were Majorana fermions. Neutrinoless double beta decay experiments, such as the Enriched
Xenon Observatory (EXO), are attempting to determine weather or not neutrinos are Ma-
4
jorana fermions. In addition to the extra CP violating phases Majorana neutrinos introduce
to the mixing matrix, heavy Majorana neutrinos would violate lepton number when they
decayed [11]. The resulting lepton asymmetry could be transmitted to the baryons in the
νMSM model proposed by Shaposhnikov [12] which requires three additional heavy ster-
ile neutrinos. In addition possibly explaining the BAU this theory could also explain the
small mass of the three known flavors of neutrino through the seesaw mechanism, as well as
providing a potential dark matter candidate in the form of the lightest sterile neutrino [12].
Another theory that generates extra CP violation is supersymmetry, which proposes that
each fermion has a heavier supersymmetric bosonic partner and that each boson has a heavier
fermionic partner. The masses of the supersymmetric partners would have to be quite high
as they have not yet been detected. These new particles would add CP violation through
their equivalent of the CKM matrix [13]. Additionally the supersymmetric partners provide
a potential dark matter candidate [13].
1.1.4 Neutron EDM as a Measure of CP Violation
Despite having no net charge, the neutron can have an electric dipole moment. Contributions
to this EDM arise from the valence quarks’ EDMs as well as the EDMs generated from
interactions between these quarks. If the neutron has an EDM, it must be a time reversal
violating quantity. This can be seen by considering that the EDM must be parallel (or anti-
parallel) to the spin axis of the neutron since this is the only unique direction associated
with the particle [14]. If the time reversal operator is applied, the direction of the spin will
reverse, however the charge distribution will be left unchanged, therefore the spin and EDM
are now anti-parallel (or parallel), leading to a violation of time reversal symmetry, as shown
in Fig. 1.
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Figure 1: Applying the time reversal operator reverses the spin direction of the neutron, and
therefore the magnetic moment, but leaves the EDM unaffected
Given the CPT theorem the neutron EDM is therefore also a CP violating quantity. In
the standard model, the amount of available CP symmetry violation limits the neutron EDM
to |dn| ' 10−32 e · cm [15], Fig. 2 shows an example of a loop diagram that contributes to the
EDM. Extra sources of CP symmetry violation in many extensions to the standard model
give larger values [15]. Therefore, due to the small standard model background the neutron
EDM is a sensitive probe to new physics.
Figure 2: Example of a loop diagram that contributes to the EDM in the standard model
[15]
For example, the generic supersymmertry (SUSY) prediction is |dn| ∼ 10−25e · cm
(
1TeV
Msusy
)2
sin (φ)
[16], indicating a relatively large EDM unless the mass scale is much larger than 1 TeV or
6
the CP violating phase is small [16].
1.1.5 History of nEDM Searches
In 1950 Purcell and Ramsey observed that a nEDM would be a P violating quantity, and
later in 1951 an experiment at Oak Ridge National Lab set the upper limit on the EDM
to 10−20 e · cm [17]. Since then many experiments have been conducted, lowering the upper
bound (see Fig. 3). The current upper bound of 3.0× 10−26 e · cm was set at Institute Laue
Langevin (ILL) in 2006 and revised to the quoted value in 2015 [20].
These experiments generally fall into two categories: beam NMR, and confined NMR.
Beam NMR experiments, many of which were conducted in 1960’s and 70’s, use the precession
of a beam of polarized neutrons in an applied electric and magnetic field to detect an EDM.
In these experiments the polarized neutron beam traverses two spin-flipping rf pulse coils,
separated by a region of free precession in a static E and B field to determine the EDM
[17, 18], the so-called Ramsey separated oscillatory field method. The number of transitions
to opposite spin state after the second pulse is used to determine the EDM. If there is an
EDM, changing the relative direction of the electric field, changes the precession frequency,
and therefore the number of transitions after the second rf pulse [17]. The original 1951
EDM experiment by Ramsey was a beam NMR experiment. These experiments, however,
are sensitive to misalignment of the electric and magnetic fields resulting in a false EDM
from the ~v ×−→E motional field [19].
Confined NMR experiments utilize ultracold neutrons (UCNs), whose small speed results
in reflections off the container walls allowing them to be stored for a significant fraction of
the neutron lifetime [21]. The confinement of the neutrons greatly reduces the effects of the
~v × −→E systematic error since the average velocity of the confined neutrons is much smaller
than in the beam method [19]. However, achieving high densities of UCNs can be difficult.
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Previous experiments such as the 2006 experiment at ILL obtained UCNs from the low
energy tail of a thermal neutron source with a much greater mean velocity .
The nEDM experiment at the SNS in Oak Ridge has the potential to reduce the upper
bound of the EDM by a factor of about 50. This will be achieved by using a longer mea-
surement time, larger electric field, and having a higher UCN density than that used in the
2006 ILL experiment. These improvements are made possible by a unique method of pro-
ducing UCNs in liquid helium that uses the “8.9A˚ beamline”, 8.9A˚ refers to the wavelength
of the neutrons, which corresponds to a temperature of 12 K, at the SNS, and increasing
the dielectric strength inside the measurement cell to achieve the larger electric field without
breakdown.
Figure 3: sensitivity of nEDM experiments as a function of time. The mass scale associated
with new physics for an EDM at that level is on the right hand side of the plot [7]
1.2 nEDM Measurement at the SNS
The neutron electric dipole moment (nEDM) experiment will use the Spallation Neutron
Source (SNS) at Oak Ridge National Laboratory. This experiment will determine the EDM
by measuring the Lamor precession resulting from placing polarized neutrons in an electro-
magnetic field perpendicular to its magnetic moment. The Hamiltonian for a neutron with
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magnetic dipole moment, µn, and electric dipole moment, dn, placed in static electric and
magnetic fields is
H = −µn
−→
S · −→B + dn−→S · −→E
S
(1)
as given by Pospelov [15]. If the neutrons are initially prepared so that spin is in the plane
perpendicular to parallel E and B fields, the Lamor precession frequency is then
ν = −2µnB0 + dnE0
h
where E0 and B0 are the magnitudes of the E and B field respectively. Note that dn can
be positive or negative. If the E field is then flipped so E and B are now anti-parallel the
change in the frequency, written in terms of the magnitude of dn is
4ν = ∓4 |dn|E0
h
Therefore, by looking for this change in the precession frequency due to the change in the
direction of the electric field, one can determine the electric dipole moment of the neutron.
The SNS experiment measures this change in precession frequency by utilizing a nuclear
reaction between the polarized neutron and polarized 3He. This experiment will use a mag-
netic field of 30 mG, and each measurement cell will have a potential difference of 560 kV
across it, resulting in a field of 75 kV/cm for each cell [7]. Due to the placement of the cells,
one cell will see a positive E field relative to the B field when the other sees a negative field.
This arrangement will help control potential systematics.
More specifically, the neutrons produced at the Fundamental Neutron Physics Beamline
at the SNS are injected into a bath of superfluid 4He containing polarized 3He. These
neutrons have a wavelength of 8.9Å, corresponding to a temperature of about 12 K, which
intersects with the phonon dispersion curve (see Fig. 4) of superfluid helium, resulting in
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down-scattering that completely transfers the momentum and energy of the neutrons to the
superfluid, thereby producing UCNs [22].
Figure 4: plot of phonon dispersion curve overlayed with the neutron kinetic energy. Down
scattering is possible at 8.9Å where the curves overlap [22].
At the temperature of the measurement cell (450 mK) there is very little chance of loss of
neutrons through up-scattering since this would require an interaction with a phonon with an
energy of 12 K, an energy much greater than the temperature of the measurement cell [22].
Initially the UCNs and 3He are polarized parallel to the B field. A pi/2 pulse is then used to
rotate the spins so they are perpendicular to the field and start to precess as described by
Eq. 1. Since the magnetic dipole moment of 3He is ∼ 10% larger than that of the neutron,
they will precess at slightly different rates [23]. The reaction n+3He → p+3H + 764 KeV is
known to be highly spin dependent; the cross section is about 5 Mb when the spins are anti-
parallel while the cross section is 200 times smaller for parallel spins [23]. By observing the
time dependence of this reaction rate, the beat frequency between the helium and neutrons
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can be determined [23]. The reaction rate is measured by collecting the scintillation light
produced by the reaction products traveling through the superfluid helium bath [23]. Since
the magnetic moment of the 3He is known and it has an negligible electric dipole moment due
to electron shielding [24], a change in beat frequency between the neutrons and 3He when
reversing the electric field becomes a measurement of the nEDM. This experiment will be
able to measure an EDM with a statistical precision of about 5.4×10−28 e · cm after running
for 300 live days [23]. Fig. 5 shows a schematic of the apparatus. In general the statistical
uncertainty of precession experiments utilizing UCNs is limited by the uncertainty principle
and is given by δdn = ~2E√NtT where E is the electric field, t is the total experiment running
time, N is the number of neutrons, and T is the UCN storage time for a single measurement
[22]. Additionally, in order to keep the lifetime of the neutrons in the measurement cell (and
therefore the storage time) at 500 s, the concentration of polarized 3He must be very dilute
(10−10) [7]. At the University of Illinois tests of 3He transport system for the experiment are
being carried out.
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Figure 5: Schematic overview of the nEDM apparatus. The top cryostat contains 3He sys-
tems, while the bottom contains the entrance for neutrons, measurement cells, HV electrodes,
B0 and flipping coils and is surrounded by the magnetic shields.[7]
1.3 Polarized 3He Transport
The polarized 3He is generated in an atomic beam source (ABS), which will polarize the
3He using a quadruple magnet. The polarized 3He are then incident to a free surface of 300
mK superfluid in the so-called injection volume. To combat heat from room temperature
black body radiation coming from the ABS, the injection volume is surrounded by a helium
jacket at 250 mK (see Appendix D on the thermal conductance of Kapton). To prevent heat
loads from superfluid film flow, a film burner is employed between the injection volume and
ABS. The 3He is collected in the injection volume until a concentration sufficient to produce
a concentration of 10−10 in the measurement cells is reached [7]. From the injection volume
the polarized 3He diffuses into intermediate volume 1 (IV1). At this point the so-called heat
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flush mechanism is used to transport the 3He to the measurement cells. Once a measurement
is complete and the 3He is depolarized, the heat flush mechanism is used to remove all the
3He from the cell. This way fresh injections of 3He keep the polarization as high as possible.
Fig. 6 shows a diagram of 3He services and the heat flush path.
Figure 6: Diagram of 3He services. Heat flush is used to bring polarized 3He to the mea-
surement cells from IV1. Once depolarized heat flush is used again to move depolarized 3He
into the sequestration volume.[7]
1.3.1 Injection Volume and Film Burner
In the injection volume, the superfluid helium will climb up the walls of the volume forming
a thin film and evaporate when it reaches a point on the wall at a high enough temperature,
typically above 500 mK [25]. This poses a problem since it will result in a cloud of vapor that
will scatter the incoming polarized 3He “beam”, preventing it from reaching the superfluid.
Also, the vapor will thermally link the superfluid to the warmer environment, putting an
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undesirable heat load on the system [26].
To prevent this problem, a “film burner” will be employed. It is composed of a baﬄe used
to redirect the superfluid film climbing the cryostat walls, and a heater used to evaporate the
film inside the baﬄe, forcing it to recondense on a nearby cold surface, thereby effectively
trapping the vapor inside the baﬄe region and away from the 3He beam [25]. Film control
tests were carried out in order to determine if a film burner was a feasible solution. These
tests are detailed in Chapter 2. Fig 10 shows a schematic of the test apparatus used. The
baﬄe structure of the film burner can be seen in this figure.
1.3.2 Transport to Measurement Cell using Heat Flush Mechanism
Once the 3He has diffused into into IV1, the heat flush mechanism will be used to transport
the 3He to the measurement cells. Unlike diffusion, which solely relies on a concentration
gradient for transport, the heat flush mechanism transports the3He by utilizing collisions
between phonons generated in the superfluid helium by establishing a thermal gradient, and
the 3He. Additionally since the phonons have no spin the polarization of the 3He is preserved.
The phonons travel from the hot end of the path to the cold end, and for a one dimensional
geometry (like a long pipe filled with superfluid), the one dimensional heat equation and the
one dimensional advection-diffusion equation can be used to describe the helium 3 transport.
C
∂T
∂t
= ∂
∂z
(
K
∂T
∂z
)
∂x3
∂t
= ∂
∂z
(
D
∂x3
∂z
)
+ ∂vphx3
∂z
In the above equations, x3 is the concentration of 3He in the superfluid, D is the diffusion
constant, C is the phonon heat capacity, vph is the phonon speed, K is the phonon thermal
conductivity, and T is the temperature. In the general 3D case the second term in the second
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equation is −∇·(−→vphx3) . In the above equations z is taken to be pointing along the direction
of the temperature gradient, meaning that vph is negative, thus giving the sign seen in the
1D version of the equations.
Additionally, the phonon speed, which comes from the heat current, is given by vph = QTSA
[27, 28], where Q is the heat supplied by the heater, S is the entropy per unit volume
of the liquid helium, and A is the cross sectional area of the pipe. The expression for
the thermal conductivity and diffusion constant are described in [27, 28]. The diffusion
constant is given as D = 3T 2Γ (1 + aT ), in the regime where diffusion should be dominated
by 3He-phonon scattering (< 600 mK). Where the 3He relaxation rate with recoil factor a
is Γ/(1 + aT ) , and Γ is proportional to T9. Above 600 mK roton interactions modify the
diffusion constant [29, 30, 31]. Additionally, at low temperatures, wall scattering may become
a significant effect as the mean free path for 3He-phonon collisions approaches the distance
from a 3He to the tube walls [32]. The thermal conductivity, which is also dominated by the
phonons, is given by Kph =
TS2ph
Tn4x3/D+ηph8/R2
2 [27, 28] and depends both on the temperature
and the 3He concentration, and also the tube radius (R). Like with the diffusion constant,
for temperatures above 600 mK rotons need to be considered. Additionally, the above
description of heat flush assumes that normal component undergoes laminar flow. Using the
dynamic viscosity and phonon density found in [27, 28], as well as vph, the Reynolds number
can be calculated. Over the 350 mK to 550 mK temperature region tested, the 500 mK, 6.4
mW data set has the largest Reynolds number, equal to 0.27. This is much smaller than the
value at which turbulent flow begins [33].
The heat flush mechanism however, still needs to be tested. Previous experiments have
extracted diffusion constants at larger concentrations (10−4 − 10−2), where helium three
scattering is important, and higher temperatures (above 600 mK), where rotons scattering is
significant, than will be present in the nEDM experiment [34, 35]. The diffusion constant in
2Factors of kB and ~ have been dropped in the expressions of D and Kph
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the phonon dominated regime still needs to be measured as it will affect the speed at which
heat flush can transport 3He into and out of the cell, as well as the heater power required.
Additionally the power and temperature dependence of the 3He response must be explored
and compared to what is predicted by the advection, diffusion equation.
1.3.3 3He Depolarization
During transport, and measurement, the 3He must remain polarized. There are two main
sources of depolarization: long range magnetic gradients, and magnetic impurities in the
heat flush plumbing and measurement cell. During transport, gradients in the holding field
that are perpendicular to B0 will rotate the spins of the 3He resulting in depolarization. In
addition, collisions with the walls during heat flush will result in depolarization from any
magnetic impurities (where gradient effects can be amplified) in the nominally non-magnetic
materials used in heat flush path or measurement cell. Because of this, it is important
to ensure any materials used in the nEDM experiment do not produce magnetic gradients
that could be seen by the polarized helium 3. Appendix C describes the testing of various
materials and parts to be used in the non-magnetic dilution refrigerator constructed for the
experiment.
In addition, over time, polarization is lost during precession in the measurement cell due
to gradients along the B0 field directions. These gradients cause 3He in different parts of
the cell to precess at different rates resulting in dephasing of the 3He signal and loss of the
overall polarization. This timescale limits how long the 3He can be used to measure the
precession of the neutrons. After each measurement, lasting the lifetime of the neutron, it
is estimated that the polarization of the 3He will have decreased by ∼ 5% [7]. To main-
tain maximum polarization the 3He in the measurement cell is removed using heat flush as
described previously.
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2 Film Burner
In order to ensure that a film burner will be able to stop film flow between the injection
volume and the ABS, a test was performed of the film burner’s ability to cut the superfluid
film, and prevent the accumulation of vapor in the region connecting the ABS and injection
volume that would scatter the 3He beam.
2.1 Refrigeration
In the SNS nEDM experiment, the injection volume will be held at temperature of 0.3 K.
Additionally the power required to evaporate a film of thickness tf flowing at a velocity vf ,
where the heat conducted by the helium vapor and by the material over which the film is
flowing is negligible is
Q˙t = vf · tf · S · L = V˙ · S · L
Using L = 3.02 J/cm3 for the latent heat of vaporization of helium one would expect a
threshold power of 2.9 mW for the film burner. With this in mind, a dilution refrigerator
(DR) located at Harvard University was used to cool our film burner test apparatus. A
diagram of the cryostat used and the DR can be seen in Fig. 7.
The cooldown procedure for this cryostat is as follows. Before beginning cooling all
electrical connections to the cell are tested (thermometers, heaters etc.)3, then the inner
vacuum cryostat (IVC) is put around the the test apparatus and sealed, and the 1 K pot
is pressurized slightly above 1 atm with 4He to prevent contamination during the initial
cooldown. At this point the outer vacuum cryostat (OVC) is filled with liquid nitrogen in
order to cool to 77 K, and nitrogen exchange gas is added to the IVC to speed cooling
of the test apparatus. Once everything is cold, the LN2 is blown out using dry nitrogen
3electrical connections checked after every major step in the preparation
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gas followed by pumping and warming the bath with a heater. Then leak checking of the
IVC and apparatus seals is performed using helium gas. After leak checking, the helium fill
begins.
Figure 7: Diagram of bath, IVC, test apparatus and dilution refrigerator. The test apparatus
is bolted on the dilution refrigerator’s mixing chamber to provide thermal contact. The 1
K pot is filled from the bath and pumped from a line leading to a gas manifold. Similar
pumping lines exist for the bath, IVC, and test apparatus
The nitrogen exchange gas is pumped out of the IVC and is replaced with ∼ 1 torr
of warm helium exchange gas, the OVC is filled with LHe, and the 1 K pot fill valve is
opened so it can fill from the bath. Once the IVC reaches about 20 K the IVC is pumped to
prevent liquification of the helium exchange gas. Cooling down to about 1.5 K is achieved
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by a 4He evaporative refrigerator (pumping on the 1 K pot) [36]. While cooling with the
4He refrigerator, condensing the He gas from the 3He rich dump (dump 1) and 4He dumps
(dumps 2 and 3) into the still can commence (see Fig, 8). Once the gas is condensed in the
still and mixing chamber the dilution refrigerator can be turned on by beginning circulation
(see Fig. 9). In the mixing chamber, once below 0.87 K, the 3He and 4He separate into
two phases, a dilute phase that is approximately 6.6% 3He, and a less dense, concentrated
phase, that is nearly 100% 3He [36]. Pumping on the still preferentially removes 3He from
the dilute phase, due to it’s higher vapor pressure [36]. Above 0.87 K this simply acts as a
3He evaporative refrigerator. However, once the phase separation has occurred in the mixing
chamber, circulating the pumped 3He and recondensing into the concentrated phase inside
the mixing chamber provides cooling as 3He absorbs heat moving from the concentrated
phase into the dilute phase to maintain the 6.6% 3He concentration in the dilute phase [36].
With the dilution refrigerator running the test apparatus could be cooled to a temperature
less than 0.1 K for our setup, below the injection volume operating temperature of 0.3 K.
Thus we are able to adjust the temperature of the apparatus using a proportional-integral-
differential (PID) loop controlled heater on the mixing chamber accounting for the heating
required to operate the film burner. The total power of the two heaters was approximately
6 mW at 0.3 K.
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Figure 8: Condensing path from helium dumps into mixing chamber and still. Gas is run
through LN2 cold traps to remove contaminants. Initially the gas is allowed to condense
with the pump off, but once the pressure reaches 100 Torr the pump is turned on to aid in
condensing.
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Figure 9: Dilution refrigerator circulation path. 3He is pumped from the dilute phase (purple)
at the still by the roots pumps through the cold trap and then back into the concentrated
phase (green).
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2.2 Film Burner Test Apparatus
The film burner is composed of a baﬄe used to redirect the superfluid film climbing the cryo-
stat walls, and a heater used to evaporate the film inside the baﬄe, forcing it to recondense
on a nearby cold surface, thereby effectively trapping the vapor inside the baﬄe region and
away from the 3He beam [25]. With the film burner operational no film should be present
above the film burner baﬄe. The schematic below illustrates the experimental arrangement
used to determine the presence of the film.
Figure 10: The above schematic shows a cross sectional view of the apparatus with superfluid
film covering all surfaces, as well as the location of the film sensor. The film burner heater
is depicted as a resistor on the outer radius of the baﬄe, in actuality it was a coil of resistive
wire. Note the pulsed helium source was not present of this test.
The film burner heater is made from 5 turns of folded (to reduce magnetic fields inside the
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beamline) 32 AWG nichrome wire coiled around the space between the baﬄe and condensing
surface. The room temperature resistance of the entire length of wire used is 57.2 Ω. It
was calculated that only 1.48 m of the 1.69 m of wire used to make the heater actually
contributes to heating. The remaining wire is needed to electrically connect the heater. For
the measurements described in the film burner operation section, the power dissipated by
the heater is controlled by setting the voltage drop across the heater, and calculated using
the room temperature resistance value. However, due to the temperature dependence of
the resistance, this isn’t a particularly accurate method of measuring the film burner heater
power. For measurements described in Chapter 2.4, the heater is instead powered using a
0 to 20 mA voltage controlled current source. The power dissipated by the heater is then
determined from the set current and by measuring voltage drop across the heater using a
4 wire measurement. This method of determining the heater power is independent of the
resistance of the heater, and is therefore more accurate.
2.3 Film Burner Operation
The film sensor is a 10 kΩ, at room temperature, ROX temperature dependent resistor. The
presence of film on the film sensor is determined from the sensor’s response to heating from
electrical pulses. The heating from the pulses decreases the resistance of, and therefore the
observed voltage drop across, a bare (no film) film sensor. However, if there is film on the
sensor, heat will go first into evaporating the film instead of increasing the temperature of
the sensor.
The temperature of the LHe volume is controlled using a heater on the mixing chamber
of the DR. This heater is controlled using a PID loop that monitors the LHe volume tem-
perature, measured using a calibrated temperature dependent resistor mounted on the cold
plate. Data to determine the film burner’s ability to stop superfluid film were taken at 0.3
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K.
Whether or not the film was being successfully stopped by the film burner at a given
film burner heater power is tested as follows. Square pulses with 3.0 V amplitude, and 25
ms duration, are sent from a pulse generator to the film sensor through a large (30 kΩ)
external series resistor. The series resistor ensures relatively constant current is supplied to
the film sensor. The film sensor is biased by 0.5 V, so that changes in resistance can be
observed before and after pulses. The specific values of the series resistor, bias voltage, pulse
amplitude, and pulse width are chosen to provide enough heat to evaporate any film present
on the sensor. From the shape of the pulse the presence of film can be determined. Fig. 11
shows an oscilloscope trace of the film sensor response while covered in film.
Figure 11: Film sensor response at 75% of measured film stopping threshold power. Note
that the baseline returns to its pre-pulse level, in this case after about 250 ms, indicating
film returned to the sensor after being evaporated by the pulse. The sensor is recooled by
the returning superfluid, causing its resistance and therefore the voltage drop to increase.
The initial plateau region of the pulse indicates the energy dissipated by the resistor
is going into evaporating the film rather than increasing the the resistor’s temperature.
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However, once all the film is evaporated the resistance decreases due to the heating from
the pulse. After the pulse the change in baseline and its subsequent return to the pre-pulse
value indicate the return of superfluid to the sensor, recooling it. To find the film stopping
threshold power this process is repeated at greater film burner heater powers until no film
is observed above the baﬄe. If the film burner is working after being turned on (at a given
power), once all the film initially present beyond the film burner has evaporated no new
film will return to the sensor, and a permanent change in baseline will be observed. For
this prototype, the film burner begins stopping the film for heater powers greater than a
threshold power of about 3 mW. Fig. 12 shows three oscilloscope traces of the voltage drop
across the sensor at a power of 3.2 mW.
Figure 12: The voltage across the film sensor for three pulses. After 720 s the film is
completely stopped; no film is evaporated from the sensor in the initial phase of the pulse,
and no film returns to the sensor afterwards.
The three traces correspond to pulses sent to the film sensor at different times after the
film burner is turned on, and show that it takes several minutes for the film to burn off
completely. For a pulse beginning 54 s after the film burner is turned on, there is a plateau
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region at the beginning of the pulse, indicating the presence of film being evaporated off
the sensor, but once the film is evaporated the voltage drops to the poorly cooled, “bare”,
sensor value. A corresponding rise in the baseline can be seen after the pulse as the film
returns to the sensor recooling it to superfluid temperatures; similar to the behavior in Fig.
11. After 420 s the film is thinned considerably indicated by the shorter plateau region and
the longer refill time. Finally, if the sensor is pulsed 720 s after turning on the heater, this
plateau and corresponding “refill” disappear indicating there is no film on the sensor before
or after the pulse. Therefore the film has been effectively stopped at the film burner heater
and prevented from climbing the beamline walls. In the real experiment the film burner
will be in continuous operation therefore the 720 s “turn on time” of the film burner is not
important.
2.4 Film Burner Transmission Results
Although the test described above demonstrates that the film can be prevented from climbing
the beamline walls, it also has to be established that the vapor produced by the film burner
can be confined between the baﬄe and condenser. For this test the helium source (see Fig.
13 below) is pulsed with a 4 V, 0.1 ms pulse, evaporating helium atoms, and the resulting
helium “beam’s” transmission through any vapor present is measured using the response of
a bolometer [37]. A short pulse time is needed so all the evaporation, of the helium atoms
incident on the bolometer, occurs at approximately the same time. To maximize the amount
of heat delivered to the pulsed helium source, and therefore the number of helium atoms
evaporated, a series resistance of only 500 Ω is used. In this case the pulsed helium source
and its supports are always covered in superfluid film since they are connected directly to
the LHe volume (see Fig. 13) at the base of the film burner assembly.
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Figure 13: This schematic drawing shows the configuration used for the transmission test.
The added pulsed helium source is used to generate a helium “beam” for the transmission
test. The pulsed helium source is a 1 kΩ, at room temperature, ROX temperature dependent
resistor.
A 10 V bias is placed across the bolometer and a large (10 MΩ) external series resistor.
As before, the large series resistance is used to maintain approximately constant current.
When atoms condense on the bolometer the heat transferred to the bolometer lowers its
resistance, resulting in a negative going voltage peak. The area of this peak (see Fig. 14),
with the appropriate calibration, gives the number of atoms transmitted from the source to
the bolometer. The areas of the measured transmission peaks are calculated by fitting the
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peaks and offsets. The phenomenological fitting function used was
V =

t ≤ tc Ae−
(tc−t)n
2wn1 + V01
t > tc Ae
− (t−tc)m2wm2 + V02
where A is the peak amplitude, tc is the peak location, w gives the width of the peak, n and
m control the sharpness of the peak, and V0 is the offset. The bolometer response is fed into
a preamplifer with a gain of 100 and a 3 kHz low pass filter, and then recorded using an
oscilloscope.
To establish the transmission with no vapor present, a measurement was first made with
no power going to the film burner heater and at a LHe volume temperature of 0.31 K where
the vapor pressure was 9.1 × 10−8 Pa [38]. A series of measurements were then made for
increasing heater powers. It is important to make sure the entire apparatus has come to
thermal equilibrium before making a measurement. For this reason the temperature was
monitored using temperature sensors mounted at the film burner, mixing chamber, cold
plate, and the bottom of the LHe volume. Once all sensors had come to equilibrium a
measurement was made by pulsing the pulsed helium source.
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Figure 14: The bolometer response at an LHe volume temperature of 0.31 K with 3.0 mW,
not quite full transmission, of film burner heater power. The fit used to calculate the area
is also displayed.
Using this procedure, the transmission vs. heater power was measured for three different
LHe volume temperatures (0.31 K, 0.35 K, 0.38 K), and it was found that for a film burner
heater power of 3.3 mW (3.4 mW, at 0.31 K) the transmission returned to (or near to, at
0.38 K) the ideal value, thereby indicating the film burner was effectively trapping the vapor
when operated at that power (see Figs. 15 and 16). Below these threshold powers vapor
is being produced in the beamline region rather than only inside the region of the baﬄe
(see Fig. 16). The 0.38 K data plateau before reaching their initial transmission. It should
be noted that 3.3-3.4 mW threshold power is slightly greater than what is predicted by the
latent heat calculation. Based on these results it was concluded that the film burner can be
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effectively used to control superfluid film.
Figure 15: Plot of the transmission at 0.35 K for various heater powers. Initially the trans-
mission decreases as the power is increased until the threshold power (3.3 mW) is reached,
at which point transmission returns to the value it had without the film burner heater on.
The offsets have been subtracted from the bolometer pulses.
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Figure 16: Plot of the transmission vs film burner heater power. As the film burner power
is increased, the transmission drops until the film is vaporized and the vapor condensed
inside the baﬄe region. The film burner works effectively at 0.31 K and 0.35 K. Some vapor
appears to escape the baﬄe at 0.38 K.
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3 Heat Flush
Although the film burner test confirms that, in the SNS experiment, a film burner can
contain the vapor in the baﬄe region allowing the 3He to arrive at the free surface of the
superfluid with minimal scattering, and be absorbed due to the small reflection coefficient
for 3He atoms incident on superfluid [39]. A test of the heat flush mechanism is still needed
to ensure the polarized 3He can be transported to the measurement cell.
3.1 Description of Apparatus
The apparatus used to test the heat flush effect consists of two (3 in ID, 2.797 in long)
volumes filled with superfluid helium, connected by a 11.25 in long, 0.585 in ID tube (see
Fig 17). A capacitive pressure sensor in the top volume is used to measure changes in 3He
concentration and a heater in the bottom volume is used to drive the heat flush. The bottom
heater is made from several turns of looped resistive wire (164.1Ω). The fill lines connected to
the top volume, in addition to allowing the system to be filled with liquid helium, are used
to increase the concentration of 3He in the apparatus. Superfluid tight4 “cryo-hydraulic”
valves on the fill lines allow the heat flush volume to be isolated after filling. These valves
work by using pressurized helium gas to actuate a bellows attached to a cup shaped torlon
plug that seals against an angled surface. Initially the gas let into the actuator liquefies, but
once the actuator is full the line can be pressurized. A pressure of about 100 psi is required
to close the valves. Fig. 18 shows a diagram of the cryo-hydraulic valves. After closing the
valves, pumping the valve inlet prevents boiling liquid helium in the line from adding noise
to the measurement, and reduces the heat load to the system.
4The valves were tested at superfluid temperatures inside a LHe dewar, that could be pumped on to
provide evaparative cooling, in order to reach temperatures below the superfluid transition. After the
actuator of a valve was pressurized, closing the valve, He was let into the valve inlet. The outlet was
connected to a leak detector, and no leak through the valve was detected, confirming the valve is superfluid
tight. This was done for both fill valves used in the experiment.
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Figure 17: Schematic of the heat flush apparatus. The bottom heater is used to generate the
heat flush and the capacitive pressure sensor measures the resulting change in concentration
in the top volume. The PID controlled top heater maintains constant temperature in the
top volume. The cryo-hydraulic valves are used to fill the main volume and the inside of the
pressure sensor with LHe.
Additionally, a heater in the top volume (constructed the same way as the bottom heater)
is controlled using a PID loop to hold the the top volume’s temperature (measured by a
1000 Ω, at room temperature, Ruthenium Oxide, ROX102A, temperature sensor [40]) to a
set value when taking measurements. The change in temperature in the bottom volume is
also measured using a ROX102A temperature sensor. The bottom temperature sensor and
top temperature sensor are assumed to be at the same temperature with no heat load (any
difference in reading is assumed to be due to calibration) and the change in the bottom tem-
perature after applying a heat load is used to determine the temperature difference between
top and bottom due to the applied heat. By using the change in the bottom thermometer
33
Figure 18: Cryo-hydraulic valve schematic. The inlet, outlet and conical angle sealing surface
are labeled. The actuator line needs to be pressurized to about 100 psi for the torlon plug
to completely seal against sealing surface. Since the valve are at a temperature below the
lambda point the seal needs be tight enough to prevent superfluid flow.
to deduce the temperature gradient rather than the difference in the top and bottom sensor
we eliminate the possibility of a temperature dependent difference in calibration affecting
measured change in temperature. Although it is still possible that the top temperature,
which is determined from the ROX102A standard curve, and which we take to be the true
absolute temperature of the system without any heat load, could be off due to calibration
uncertainty. The accuracy of the top temperature measurement is accounted for in the over-
all uncertainties (See Chapter 4). The Harvard DR described in Chapter 2 was used to cool
the test apparatus to the desired temperature range of 350-550 mK.
3.2 Introduction to the Measurement Technique
After the PID has stabilized the apparatus to the target temperature (between 350 mK and
550 mK) to within 0.5 mK, square wave heat pulses, at a given heater power, with 300 s
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Figure 19: Calibration curve for the heater used to control the bottom heater. The current
source was designed to have produce 0-20 mA of current for 0-10 V of control voltage. The
calibration was performed by measuring the voltage drop over a known load (100.09 Ω).
period and 50% duty cycle, are generated by the heater in the bottom volume. The square
wave current used is generated using a current source, controlled by the voltage output
of a function generator. The current source is designed to generate a 0-20 mA current in
response to 0-10 V. The current source was calibrated using a Measurement Computing DAC
to generate a control voltage for the current source, and a (100.09 Ω) resistor that was used
as the load. The voltage drop over the resistor was measured, and using its known resistance,
the current as a function control voltage was calculated. Fig. 19 shows the calibration curve
found for the current source used to power the bottom heater. The power output by the
heater is determined by the voltage measured across the heater and the set current according
to this calibration. The heat pulses generated by the bottom heater drive 3He to the top
volume via the heat flush effect. The change in concentration is then measured using the
capacitive pressure sensor located in the top volume. The design, testing and operation of
this pressure sensor is described in the following subchapter. Most measurements were done
35
at nominal concentrations of 0.8 ppm and 2.5 ppm. To obtain the concentration of 0.8 ppm
3He was added to the heat flush apparatus after the bath liquid helium, with the natural
concentration of 3He [41, 42], was used to fill the apparatus. This procedure was repeated
to obtain the higher concentration as well. The procedure for adding, and determining the
amount of 3He added to, the system is described in Chapter 3.4.
3.3 Capacitive Pressure Sensor
3.3.1 Design of the Pressure Sensor
The capacitive pressure sensor consists of a fixed electrode and an aluminized Kapton mem-
brane. Four small holes in the fixed electrode allow one side of the membrane to “see” the
concentration in the top volume while the other side sees the concentration inside the body
of the capacitor. The body of the capacitor is filled though a dedicated line separate from
that for the main apparatus, and is only connected to the main volume though a superleak
(a high impedance path that effectively only superfluid can flow through, our superleak was
made from Vycor glass rod [43]) to allow for the superfluid density to remain the same on
both sides of the capacitor without allowing the 3He into, or out of, the capacitor body. Fig.
20 shows a cross sectional view of the capacitor.
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Figure 20: Cross sectional view of the capacitive pressure sensor. Showing the superfluid
volume inside the capacitor, the superleak, the sintered rings, and a zoomed in section of
the conductive membrane
Since the concentration inside the capacitor is fixed, a change in the concentration in
the top volume results in a change in pressure across the membrane. For the low 3He
densities in the measurement, the 3He can be treated as a ideal gas, with an effective mass
of 2.34m3He, in an “inert” superfluid background, and therefore the ideal gas law can be
used to determine the 3He concentration from the pressure. The resulting deflection of the
membrane changes the capacitance (typically tens of aF change in the approximately 15 pF
baseline capacitance), which is read out by a capacitance bridge with aF level sensitivity
(given sufficiently low noise on the capacitor). Fig. 21 shows a typical capacitor response
when driving the bottom heater with a square wave.
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Figure 21: Raw capacitance data and applied heater power (5.3 mW) as a function of time
at 450 mK. The capacitance can be seen to decrease when the heater is on as expected.
However, if there is a temperature gradient across the membrane (from the inside to the
outside of the capacitor) a pressure difference due to the fountain effect will be present in
addition to the pressure difference due to heat flush. For example, a temperature difference
of 0.1 mK at 450 mK the results in a pressure difference that is equivalent to a concentration
change of 0.065 ppm. This value was calculated using ∆P = S∆T , where S is the entropy of
the normal component of the superfluid per unit volume and is equal to 9.7×103T 3 ergcm2K [27].
To address this issue, the inside and outside of the capacitor have a sintered ring to improve
thermal conductivity (see Appendix B) reducing thermal gradients across the capacitor. To
estimate the expected size of the fountain effect a thermal model of the capacitor in the
top volume was constructed in COMSOL. The model approximates the heat flux as coming
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directly from the entire bottom surface of the top volume instead of from the heat flush
tube and uses a thin thermally resistive layer on the the outside of the capacitor to mimic
the Kapitza resistance. This model indicates that that a temperature difference of about
0.04 mK can be expected. The resulting fountain effect (equivalent to a 0.004 ppm change
in concentration) is too small to detect given the size of the heat flush signal (See Chapter
4). A plot of the simulated temperature along the central axis of the capacitor as a function
of time can be seen in Fig. 22.
Figure 22: Results of COMSOL simulation of the temperature gradient across the capacitor
at 0.45 K and 3 mW. This calculation didn’t include the entire heat flush volume but only
the top volume and the capacitor. The heat source was modeled as being on the bottom of
the volume, hence the fast heating of the capacitor shown in the calculation. The difference
in temperature between the bottom of the capacitor and the top of the fixed electrode is
approximately 0.04 mK, which is equivalent to a concentration change of 0.004 ppm.
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3.3.2 Calibration and Sensitivity of the Pressure Sensor
The sensitivity of the capacitive pressure sensor is determined by the Young’s modulus of
the membrane and the strain in the membrane. Specifically, the central deflection of the
membrane is
w = Pr
2
4dσr
where w is the deflection, σr is the radial strain (the tensile strain is assumed to be zero), r
is the radius, P is the pressure across the membrane, and d is the thickness of the membrane
[44, 45, 46]. The new capacitance after being deflected is given by
C =
C0 arctan
[
(w/g)1/2
]
(w/g)1/2
,
where C0 is the capacitance of the capacitor with no deflection of the membrane, and g is
the gap between the electrodes [46, 47]. This formula for the capacitance is valid when the
deflection of the membrane is much smaller than the membrane’s thickness. For a Kapton
membrane of a given thickness and radius the sensitivity of the capacitor is controlled by the
stress in the membrane as can be seen in the membrane deflection equation. This sensitivity
was determined by measuring the vibrational modes of the membrane acoustically. A speaker
was used to create a constant tone at a given frequency that drove the membrane of the
capacitor. A laser was pointed at the membrane so that when the membrane was still
it reflected onto the edge of a photodiode. When driven by the speaker the light would
oscillate at the driven frequency, resulting in a signal at that frequency from the diode. Fig.
23 shows the experimental setup. This signal was recorded using an lock in amplifier set to
the driving frequency, and a scan over frequency was used to find the resonant frequency of
the membrane. One complication was that the amplitude of driving tone from the speaker
was not uniform over frequency. This was accounted for by doing an additional measurement
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Figure 23: Setup for the membrane strain measurement. The laser passes through the
collimator and is reflected of the capacitor’s membrane, after which the beam is detected
by the diode. The speaker drives vibrations in the membrane which in turn results in a
oscillating signal on the photodiode.
where the laser was reflected off the oscillating speaker. This response was used to normalize
the data. Fig. 24 shows the normalized response of the membrane. The resonant frequency
of the membrane can be converted into the stress in the membrane using
fij =
kij
2piR
√
σr
ρ
where kij are the zeros of the Bessel function of the first kind, R is the radius of the membrane,
σr is the radial strain, and ρ is the density [48, 49]. For a symmetric membrane j = 0, and
then for the first vibrational mode we get k10 = 2.4048 [49]. Based on this measurement the
stress in our capacitor was 35 MPa, giving a room temperature sensitivity of 0.22 fF/mTorr.
After installation in the heat flush apparatus the sensitivity was measured again, this
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Figure 24: response of the capacitor to frequencies between 100 and 20000 Hz. The peak at
9500 Hz corresponds to the 1,0 vibrational mode. This frequency gives a stress of 35 MPa.
time by applying a bias voltage across the capacitor. The resulting electrostatic force from
the applied voltage deflects the membrane resulting in a capacitance change. Multiple mea-
surements were taken at the same voltage by applying the bias voltage as a square wave.
To determine the electrostatic pressure corresponding to the applied voltage the capacitor
response was modeled as an infinite parallel plate capacitor, which gives
P = ε02d2V
2
where P is the pressure, d is the distance between the plates, and V is the applied voltage.
To confirm the validity of this equation an electrostatic model of the capacitor was made in
COMSOL, with a set potential difference across the electrodes. In this model electrostatic
pressure between the electrodes was the same as what is given for by the parallel plate
formula to within 5%. The sensitivity is then determined from the slope of the measured
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change in capacitance vs the electrostatic pressure calculated from the measured voltage (see
Fig. 25).
Figure 25: Electrostatic calibration data at 450 mK. The sensitivity of the pressure sensor
at this temperature is found to be 0.0547± 0.0016 fF/mTorr
Measurements were taken with the capacitor in the apparatus during cool down at dif-
ferent temperatures. The resulting calibration as a function of temperature (see Fig. 26)
flattens out between 1 K and 0.45 K to a value about 0.055 fF/mTorr.
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Figure 26: Plot of the capacitor calibration as measured from the electrostatic pressure as
a function of temperature. At room temperature the capacitor is roughly 4.5 times more
sensitive than at 0.45 K. Between 1 K and 0.45 K the temperature sensitivity is fairly flat
changing by less than 5%. For this reason it is reasonable to use the same calibration for
the 0.35-0.55 K measurements described in this thesis
This calibration along with the ideal gas law is used to convert our capacitance data to
x3 for the heat flush analysis. The maximum change (∼0.8 ppm)5 we could see with the
nominally 0.8 ppm initial concentration data at 550 mK is only 54 aF or a ∼1 nm deflection.
The baseline capacitance is approximately 15 pF. Such a small change in capacitance is
measured using a high precision capacitance bridge capable of measuring aF level capacitance
in the absence of noise. However, the precision of this measurement was ultimately limited
by vibrational noise from the pumps required to operate the dilution refrigerator. This noise
5If the volume of the tube is ignored, the maximum observable effect from heat flush is a concentration
change equal to the initial concentration. This occurs for heater powers large enough that all the3He in
the bottom volume moves to the top volume. The final concentration in the top volume is twice the initial
concentration in this case since the bottom and top volumes are equal.
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was often of similar size or larger than the signal of interest. Taking multiple measurements
and averaging was ultimately used to overcome this random uncertainty.
3.4 Increasing the Initial Concentration of 3He
The 4He used to fill the heat flush volume has a natural concentration of 3He of about 0.1
ppm. To measure heat flush at higher concentrations 3He must be added to the system.
In order to ensure the added 3He gas completely dissolves in the heat flush volume and no
3He is trapped in the fill lines above the valves, the heat flush apparatus is warmed above
the lambda point with the cryo-hydraulic valves open. Due to the temperature change the
LHe expands and the liquid level rises above the cryo-hydraulic valves. The valves are then
closed and the liquid above the valves is pumped out. When we subsequently reduce the
temperature the liquid contracts and the heat flush volume is no longer completely full of
liquid. The appropriate amount of 3He is then added to the system to achieve the desired
concentration. The heat flush system is then flushed, and the empty space is refilled with,
natural helium, which helps ensure all 3He makes it into the heat flush apparatus and doesn’t
remain condensed on the fill line. Fig. 27 is a plumbing diagram for the gas panel used to
add 3He to the system.
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Figure 27: Plumbing diagram for heat flush test. The calibrated volume (308.89 cc) is
between av7 and av9. Gas from the 3He bottle is let into this volume by opening av9 with
av7 closed. The pressure is read at g1. The intermediate volume between the low P, av8
and av7 valves was also calibrated
When adding gas the gas panel is first pumped through the pump valve to make sure no
contaminating gas is present. Then gas from the 3He bottle is introduced to the calibrated
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volume by opening av9 with av7 closed and the pressure is measured (see Fig. 27). Av9
is then closed. From there the gas is let into a calibrated, ∼11 cc, intermediate volume
(av7 open, av8 closed, low P closed). This gas is then allowed to condense in the heat flush
volume by opening low P and av5. As mentioned earlier to ensure all the 3He is in the heat
flush volume and to refill the partially empty apparatus, gas from the 4He bath is then run
through the gas panel and condensed into the apparatus. This is done by opening av8. Once
the apparatus to full closing av8 should not affect the pressure read at g1. If av8 is closed
and a drop in the pressure is observed this indicates the gas in the line is still condensing and
the heat flush volume isn’t necessarily full. The cryo-hydraulic valves are closed once heat
flush volume is full, no observed pressure drop on g1 after closing av8, and measurements
can be taken once the apparatus has been returned to, and is being PID controlled at, the
desired temperature. Fig 28 shows the baratron pressure and top volume temperature as a
function of time for a 2.6 ppm injection during an early run of the experiment.
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Figure 28: Gas pressure at g1 and temperature as a function of time while increasing 3He
concentration to 2.6 ppm during Aug 2016 run. The behavior of the temperatures during
this fill is also plotted
1. Intermediate volume and copper calibrated volume are pumped out.
2. av9 is opened, with av7 closed, to let the 3He gas (∼ 3.5 bar in this case) between the
3He bottle and av9 into the calibrated volume.
3. av9 is closed and av7 is opened. Gas is now in the 11 cc intermediate volume.
4. Pump Valve is closed. Low P Valve and v5 are opened. 3He condenses into the heat flush
assembly.
5. Bath Valve is briefly opened to load natural He into the assembly to flush previously load
3He.
6. natural He is flushed 3 more times and then the Bath Valve is left open for continuous
filling.
The expected change in 3He concentration is given by the number of moles let into the
heat flush apparatus (N3) as determined from the pressure in the calibrated volume read
at g1 (Pg1) and the volume of the heat flush apparatus (Vheatflush). More specifically, the
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number of 3He atoms let into the heat flush volume is given by N3 = Pg1Vcal/(kBTroom),
which results in a 3He concentration of x3 = N3/(Vheatflushn4). For example, the injection
shown in Fig. 28 increased the concentration in the heat flush volume by approximately 2.6
ppm assuming all 100 Torr of gas in the 11 cc volume was flushed into the 0.65 L heat flush
apparatus volume.
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4 Heat Flush Results
4.1 The Raw Data
The raw data collected consists of the bottom temperature, capacitor response, and bottom
heater power (See Fig. 17). The top temperature, which is set and controlled using a PID
loop, is also recorded. As mentioned previously, the bottom heater, which is used to drive
the heat flush, is controlled using a 0-20 mA current source, and its heater power is given
by the power dissipated by the heater wire. The accuracy of our heater power measurement
can be checked by comparing the top and bottom heater power when the bottom heater
is off vs when it is on. In order to maintain constant temperature in the top volume the
PID loop needs to maintain a constant heat flux to the mixing chamber. Because of this the
total power to the mixing chamber (the bottom heater plus the top heater) must be constant.
Examining the raw data it can be seen the total power into the top volume at a given PID set
point is constant between bottom heater on and off cycles during a heat flush measurement
to within 3%, for a 6.4 mW heating power setting (See Fig. 29), providing an upper bound
for any potential systematic uncertainty in the bottom heater power measurement.
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Figure 29: Total heater power (Top+Bottom) and bottom heater power as a function of
time at a top temperature of 550 mK. The total heater power remains relatively constant
during on/off cycles of the bottom heater. A 3% change can be seen for the 6.4 mW pulses.
The bottom temperature sensor was read out by a multiplexer that additionally reads
the mixing chamber, 1 K pot, and still temperature. The top temperature was read out
separately as it was being monitored by the PID loop. Fig. 30 shows the bottom temperature
as a function of time during a heat flush measurement. The change in temperature of the
bottom volume during bottom heater on and off cycles is used to determine the conductance
of the superfluid 3He mixture. The temperature measured in the top volume is taken to
be the true temperature with no applied power in the bottom volume. The ROX102A
standard curve from Lake Shore is used as the calibration for the bottom and top temperature
sensors, and represents the typical response for that kind of sensor; the two sensors are not
individually calibrated. When calculating the change in the bottom temperature due to the
bottom heater power any offset from the actual temperature will cancel out. However, for the
top temperature measurement, the possibility of a temperature offset must be considered.
Evidence of such an offset can be seen in the data. When the top, bottom, and mixing
chamber heaters are off the mixing chamber and heat flush apparatus should come to thermal
equilibrium. Therefore the top temperature and mixing chamber temperature should be
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Figure 30: bottom temperature during a typical heat flush measurement
equal. The mixing chamber has three individually calibrated temperature sensors on it; two
ROX sensors (one calibrated previously using a polynomial fit, and another factory calibrated
sensor), as well as a factory calibrated Cernox. Fig. 31 shows the difference between the
measured mixing chamber temperature and top temperature as a function of time, when
the heaters were off, according to the three mixing chamber sensors. It can be seen that
the measured top temperature differs from all three mixing chamber sensors, which are also
offset from each other. Since, in principle all three mixing chamber sensors as well as the
top temperature sensor should read the same, these data suggests a systematic error in at
least two of the sensors. The observed offsets in Fig. 31 seem reasonable given Lake Shore’s
quoted calibration accuracy for the ROX102A standard curve is ±25 mK at 500 mK [50].
The conductance data was used to help determine the actual temperature dependent offset
of the top temperature sensor (see Chapter 4.3.2).
The capacitor response was read out from a Andeen-Hagerline AH2500A capacitance
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Figure 31: Temperature difference between the top temperature sensor and mixing chamber
temperature sensors when in thermal equilibrium at approximately 320 mK. The offsets
between the sensors are suggestive of a systematic error in the top temperature measurement.
bridge. The capacitance bridge uses a three terminal measurement to determine the capaci-
tance. This measurement requires that each side of the capacitor (and its associated wiring)
to be well shielded and isolated from ground. Care had to be taken to ensure the shields
were isolated from each other and only were connected to ground at the bridge. Isolated
feedthroughs were required to prevent the capacitor shield from grounding to the heat flush
volume, and the IVC. The three terminal measurement scheme separates the cable capaci-
tance from the capacitance measured by the bridge, eliminating that systematic uncertainty.
Random noise in the capacitor measurement is still a significant uncertainty in the measured
data, and is believed to be dominated by vibrations produced by the pumps necessary to
run the DR. The noise can be greatly reduced by turning off the roots pumps, see Fig. 32.
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Figure 32: Capacitor noise as a function of time. The roots pumps were turned off at 3:04
pm. The noise is reduced from tens of aF to aF range. The overall drift in capacitor level is
from the top volume beginning to warm up.
Because of this noise, averaging the data over 1 or 2 hr periods was required in order to
get a usable signal.
Additionally, although an ideal superleak shouldn’t allow any 3He to “leak” into the body
of the capacitor, the superleak used in this experiment did have a measurable timescale for
3He leakage, which was accounted for in the analysis of the data.
4.2 Cycle Averaging of the Data
4.2.1 Description of Cycle Averaging Method
Using the method described in Chapter 3.2, data is collected for 1 or 2 hours at specific
(bottom heater power) Q, Ttop combinations. The data are then binned into 1 second
intervals modulo the 300 s cycle period. The points in each bin are averaged and plotted as
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the “average cycle” over a single 300 s period ( See Fig. 33).
Figure 33: Cycle averaged change in concentration as a function of time at 550 mK, and
6.4 mW. The uncertainty in each point is the standard deviation of the average of points
in that bin. The red curve is the response as calculated by COMSOL using the parameters
in Chapter 4.3.3. The baseline capacitance is about 15 pF and the amplitude in terms of
capacitance is about 50 aF.
As can be seen in Fig. 33, averaging the data reveals a slow decrease in the amplitude
of the signal in both halves of the capacitor response. As discussed above, this is believed
to be due to 3He leaking into and then out of the superleak. If this is true, it would be
expected that after many runs 3He would build up inside the capacitor changing the baseline
level. However since the 3He concentration on the outside of the capacitor isn’t affected (the
volume outside is much greater than the volume inside), the amplitude of the signal would
be unchanged. Looking at a series of heat flush cycles for a given Q and Ttop, the change
in the baseline can be seen by calculating the average of the raw capacitance over each heat
pulse during a measurement, and plotting the results as a function of time (See Fig. 34).
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Figure 34: Change in capacitance baseline during a measurement at 450 mK and 4.9 mW
with a nominal x3i of 2.6 ppm. After approximately 500 s the baseline is approximately 20
aF greater than when pulsing began. After 1500s the baseline is about 37 aF greater than it
was initially. The amplitude of the response at this heater power and temperature is about
150 aF
The time scale associated with this leak was initially calculated as part of a series of
parameterized fits to the data. The leak was subsequently modeled using diffusion and
incorporated into a COMSOL model of the heat flush mechanism used to determine the
diffusion constant.
4.2.2 Initial Comparison to Parameterized Fits
Parameterized fits of the data were made in order to make an initial calculation of the leak
timescale and to confirm the expected T-7 temperature dependence of the diffusion constant.
The parameterized fit used has the following form
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f(t) =

t < 150 A(1− e−t/τ1)e−t/w + b
t ≥ 150 −A1−e−150/τ11−e−150/τ2 (1− e−(t−150)/τ2)e−(t−150)/w + A(1− e−150/τ1)e−150/w + b
Where t is the time, A is the signal amplitude, τ1 is the heat flush time, τ2 is the diffusion
time, w is the leak timescale, and b gives the constant offset of the capacitance. A common
w parameter was fit for all values of Q and T, the τ1 parameter was fit individually for each
Q, T combination, and a common τ2 parameter was fit for all the Q values at a given T.
Most of the data collected has a nominal concentration of 0.8 ppm. Fig. 35 shows one of
the resulting fits from the nominally 0.8 ppm data set. From the global fit w was found to
be 455± 50 s.
Figure 35: Averaged data with parameterized fit at 450mK and 5.3mW.
Using the τ2 values obtained from the parameterized fits we were also able to demonstrate
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that our data are consistent with the temperature dependence of the diffusion constant
given in [27, 28], which has the form D = D0
T 7 f(T ). For the temperature range used in this
experiment f(T ) (which comes from recoil corrections) is a approximately constant, and D is
therefore roughly proportional to T-7(see Chapter 1.3.2) . Since the heater turns off at 150 s
the phonon speed is zero, and the time constant for the subsequent decay in amplitude (τ2) is
governed solely by diffusion. We should then expect that τ2 is proportional to 1/D, meaning
τ2 = aT 7 where a is an arbitrary constant. For example, consider the simple situation of
the 1D diffusion equation with Neuman Boundary conditions. The solution is of the form∑
e−t/τnAn cos(npiz/L), with τn = L
2
n2pi2D , giving a diffusion timescale that is proportional to
1/D. Fitting the measured τ2 data, as a function of the top temperature (as read by the top
temperature sensor), to a power law, the data are found to be consistent with a τ2 that is
proportional to T7 as predicted. Further analysis allowed us to measure systematic offsets
in the nominal top temperature (Chapter 4.3.2). If these adjusted temperatures are used
instead, the data are still consistent with T7 (See Fig. 36).
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(a) Diffusion time extracted from parameter-
ized fits assuming the nominal top tempera-
tures
(b) Diffusion times extracted from parameter-
ized fits using the corrected top temperatures
Figure 36: The diffusion time as a function of temperature obtained from parameterized fits
of the data using a common leak timescale of 455s, and fitting a common diffusion time to
all data at the same temperature. The data are fitted to a function of the form aT b. b was
found to be 6.63± 0.66 when assuming the nominal top temperatures and 6.77± 0.60 when
assuming the top temperatures found in Chapter 4.3.2.
4.3 Comparison to COMSOL Model
Using the equations described in Chapter 1.3.2, and geometry of the heat flush apparatus, a
model of the heat flush test was created in the finite element code COMSOL. The value of
D0 was obtained by comparing the measured data with this model. To compare our results
to this model, which reports the heat flush response in terms of concentration, we need to
scale the capacitance data using the capacitor calibration described previously. This is done
by calculating the baseline value of each data set (the average value over the averaged cycle)
and subtracting that from the averaged cycle. The remaining signal is the 3He response and
is scaled using the calibration from Chapter 3.3.2 to get the pressure. Using the ideal gas
law the change in concentration seen by the capacitor is calculated from the pressure. The
data can then be compared to the model.
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4.3.1 Description of COMSOL Model
The model assumes a constant concentration (x3i) everywhere, as well as a constant temper-
ature everywhere, equal to the PID control temperature of the top volume (T0), as initial
conditions. The temperature boundary conditions are taken to be a uniform heat flux on
the bottom of the bottom volume, corresponding to the applied heater power (Q) (from the
discussion in Chapter 4.1 we know our measured Q values are accurate to within 3%), and
a constant temperature (T0) on the top of the top volume. All other boundaries are set to
have zero heat flux. This is reasonable given that the brass top and bottom volumes have
thermal conductivities that are approximately 0.01% of the superfluid in the top and bot-
tom volumes, and the thermal conductivity of the stainless steel tube connecting the volumes
is about 0.008% of the thermal conductivity of the superfluid in the tube [28, 36]. The x3
boundary condition is zero x3 flux at all boundaries. Additionally, the model includes a mock
up of the capacitor in the top volume. The capacitor is modeled as a rectangular volume
with the correct internal volume (22.4 cm3), as well a superleak that is given a small 3He
diffusion constant (Dleak) to recreate the observed 3He leak rate. Diffusion is used to model
the leak rate since it arises from 3He diffusing through the Vycor (porous glass) superleak.
As such the diffusion constant is given by Dleak = 〈v3〉 d, where 〈v3〉, is the average thermal
speed of the 3He and d is the mean free path. Since the 3He thermal speed is proportional
to
√
T , Dleak can be rewritten as L
√
(T/0.55K), where d and other constants are combined
into fit parameter L. The internal volume of the capacitor sees the normal 3He diffusion
constant. Fig. 37 shows the top volume geometry as modeled in COMSOL. The phonon
velocity is set to zero in both the superleak volume and the capacitor volume, as there is no
heat flush in these volumes.
60
Figure 37: The top volume geometry as modeled in COMSOL. 3He flow into and out of
the capacitor is restricted by the superleak. 3He can only flow into/out of the top volume
through the bottom surface of the super leak. This is because the model includes a small
gap in the geometry between the top volume and the superleak/capacitor everywhere but at
that surface. This gap simulates the solid body of the capacitor. Fig. 20 shows the actual
internal geometry of the capacitor, which is more complicated than the geometry used for
the COMSOL model, although the internal volumes are the same.
The simulation was run for different values of Q and T0, where the remaining unknown
parameters x3i, Toff, L, and D0 were varied in order to determine the values that best fit
to the data at the given T0 and Q values. The fit parameter Toff represents a possible
offset in the nominal top temperature, where T0 = Tnominal + Toff . The fit parameter x3i
is included because, although we know how much 3He we added to the system during the
3He filling procedure, it is important to confirm that it all actually condensed inside the
heat flush apparatus rather than on the walls of the fill lines, which would result in a x3i
smaller than the nominal value. Also, although it has been confirmed from the parametric
fits that the diffusion time scale is proportional to T7, the measured value of D0 is still
unknown and needs to be compared to what is calculated in [27]. To extract the expected
3He response seen at the capacitor from the model, the difference between the concentration
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just outside the capacitor and the concentration inside the capacitor is calculated. The
calculated response is then compared to the capacitance data, and used to determine D0, L,
and x3i. To get the expected difference between the top and bottom volume temperature,
the calculated temperature at the bottom of the bottom volume is subtracted from the
calculated temperature of the top of the top volume. This is compared to the measured
temperature change in the bottom volume, and used to determine Toff. Fig. 38 shows the
simulation results at x3i=0.8 ppm plotted with the averaged data. Offsets have been added
to the data for visibility.
(a) Cycle averaged data for a nominal top temperature of 550 mK and approximately 0.8 ppm
with simulation results from Chapter 4.3.3
Figure 38 (Cont.)
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(b) Cycle averaged data for a nominal top temperature of 500 mK and approximately 0.8 ppm
with simulation results from Chapter 4.3.3
(c) Cycle averaged data for a nominal top temperature of 450 mK and approximately 0.8 ppm
with simulation results from Chapter 4.3.3
Figure 38 (Cont.)
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(d) Cycle averaged data for a nominal top temperature of 400 mK and approximately 0.8 ppm
with simulation results from Chapter 4.3.3
(e) Cycle averaged data for a nominal top temperature of 350 mK and approximately 0.8 ppm
with simulation results from Chapter 4.3.3
Figure 38: Plots of cycled averaged data at approximately 0.8 ppm with simulation results
from Chapter 4.3.3. Width of fitted curves correspond to the 1σ confidence interval as
determined from the uncertainties in the fitted values.
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4.3.2 Determination of Toff From Conductivity Data
The thermal conductivity Kph =
TS2ph
Tn4x3/D+ηph8/R2 (see Chapter 1.3.2) depends on x3/D and
T . Consequently the resulting temperature change in the bottom volume depends on Q,
x3/D, and T0.The values of Q, and Tnominal are known, but this leaves x3/D and Toff as
unknown variables. Therefore there are three fit parameters that in principle effect the
thermal conductivity (x3i, D0, and Toff). The COMSOL model was used to calculate the
temperature response for 100 randomly generated parameter combinations, which were then
compared to the measured bottom temperature. x3i was assumed to be between 86% and
108% of its nominal value, D0 was taken to be 1.5 and 3 times the expected value (based
on a visual comparison of the data and model it was guessed that D0 is about 2 times the
expected value), and the Toff range was based on the calibration accuracy quoted by Lake
Shore. Fig. 39 shows the reduced χ2 for the data at 450 mK as a function of x3i, D0, and
Toff .
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(a) The reduced χ2 of the conductivity data
at 450 mK as a function of Toff. The mini-
mum is located at -21 mK. The 1 σ interval
around the minimum, as determined from the
parabolic fit gives an uncertainty of 3 mK
(b) The reduced χ2 of the combined data at
450 mK as a function of D0 (reported as a
fraction of the value in [27]). There is no clear
dependence on D0 over the tested range of val-
ues
(c) The reduced χ2 of the conductivity data
at 450 mK as a function of x3i (reported as
a fraction of the nominal value). There is no
clear dependence on x3iover the tested range
of values
Figure 39: Reduced χ2 of conductivity data at 450 mK as a function of 100 randomly selected
Toff, D0, and x3i combinations.
Figs. 39b and c show that the χ2 has no clear x3i or D0 dependence in this region, but
Fig. 39a shows a clear dependence on Toff with the minimum chi square corresponding to
Toff = −21 ± 3 mK for the 450 mK data over this range of x3i and D0 values. Similarly,
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Figure 40: Plot of the fitted temperature offsets from the expected top temperature vs the
expected top temperature
temperature offsets for the other temperatures were found (See Fig. 40) .
4.3.3 Determination of D0, L, and x3i
A 4D grid was then constructed over the refined range of parameter values consisting of D0,
x3i, L, and Toff . The values for Toff were restricted to the interval found from the analysis
of the temperature data, and the range of L was chosen to correspond to a leak time scale in
rough agreement with the parameterized fits. By running COMSOL over the parameter space
and comparing to the measured concentration6, the parameter combination that minimized
χ2 was determined. D0, x3i, and L were fit to a common value for all temperatures. The
uncertainties were determined from the surface over this 4D space with χ2 = 1
dof
+ χ2min ,
6For consistency, when comparing the measured data to a COMSOL calculation that assumes a non zero
Toff , the same Toff is included when converting the pressure across the membrane, using the ideal gas law,
to a concentration.
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where the χ2min is estimated as the minimum χ2 found in the grid search. This in turn results
in the following values for x3i, D0, and L:
x3i =
(
0.98+0.03−0.01
)
× 0.8 ppm
D0 =
(
3.01+0.16−0.11
)
× 0.85 cm2K7/s, where 0.85 cm2K7/s is the expected D0 from [27, 28]
L = 0.198+0.002−0.022cm2/s
Fig. 41 shows plots of the 1 and 2 σ confidence intervals for the parameters.
(a) 1 and 2 σ interval projection (thatched region is greater than 2 σ)
over D0 and x3i with the L and Toff values that locally minimize χ2
Figure 41 (Cont.)
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(b) 1 and 2 σ interval projection (thatched region is greater than 2 σ)
over L and x3i with the D0 and Toff values that locally minimize χ2
(c) 1 and 2 σ interval projection (thatched region is greater than 2 σ) over
D0 and x3i with the L and Toff values that locally minimize χ2
Figure 41: 2D projections of 1 and 2 σ intervals. The black curve corresponds to the 1 σ
contour while the red thatched region is greater than 2 σ.
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Fig. 41a shows a correlation between D0 and x3i.
These data give a D0 that is 3 times larger than what is expected. This corresponds to a
discrepancy in the value of Γ. The value of Γ depends on the values of two parameters A and
B, which are determined from the excess volume, α, of a 3He atom relative to a 4He atom in
superfluid 4He. Measurements of α made in three different experiments [51, 52, 53] are used
to calculated the expected value of D0. These experiments determined α from measurements
of the dielectric constant of superfluid with a 3He concentration of about 6%. Based on these
measurements A and B have values of −1.2±0.2 and 0.70±0.035 respectively [51, 52, 53, 28].
Based on this uncertainty, the uncertainty in the calculated value of the diffusion constant
is 27%, not nearly large enough to explain the discrepancy with our measured value.
4.3.4 The High Concentration Data
Data was also collected at a nominal concentration of 2.5 ppm by adding 1.7 ± 0.06 ppm
of 3He to the 0.78+0.024−0.008 ppm mixture. The D0 obtained from the analysis of this data are
consistent with what is seen at lower concentration. These data were only collected at 550
mK and 450 mK. Assuming none of the original 3He was lost when adding the 1.7 ppm of
3He, and all the added 3He condensed in the apparatus, the 3He concentration afterward was
2.48+0.065−0.061 ppm. This can be confirmed by examining the amplitude of the parameterized fits.
It is expected that the amplitude of the signal is proportional to the initial concentration.
From Fig. 42 it can be seen that the higher concentration data are approximately 3.05± 0.1
times larger than what seen at low concentration according to the parameterized fits. This
then corresponds to a concentration of 2.38+0.11−0.08 ppm, in agreement with what is expected
from the volumetric determination of the amount of added 3He.
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Figure 42: Ratio of the high concentration signal amplitude to the 0.78 ppm signal amplitude
at 450 mK as a function of power. Amplitudes were calculated using the parametric fits
described in Chapter 4.2.2. The average ratio between the high and low power data are
observed to be 3.05± 0.1 at 450 mK.
From this comparision we can conclude almost all the 3He added to the system made it
into the heat flush apparatus (or that the relative fractions condensing in the apparatus were
the same). Also, since D0, L and Toff shouldn’t depend of the 3He concentration, fitting this
data should result in values that are consistent with what was measured at x3i= 0.78 ppm.
4.3.5 Determination of D0 Including the High Concentration Data
In order to avoid having to deal with the complication of having two separate x3i values to
fit to, the fact we added 1.7 ppm to the nominally 0.8 ppm initial concentration is used to
effectively combine the two x3i variables into one variable (x3i high x3 = x3i low x3 + 1.7 ppm).
Doing so assumes that all of the injected 1.7 ppm of 3He condensed in the heat flush volume.
This assumption is supported by the results at low concentration, which indicate essentially
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all of the initial 0.8 ppm condensed in the heat flush volume, and the amplitudes of the
parameterized fits at 450 mK, which are consistent with adding 1.7 ppm to 0.78 ppm. The
fitted values obtained from the combined high and low concentration data are
x3i low x3 =
(
1.032+0.003−0.008
)
× 0.8 ppm
x3i high x3 =
(
3.157+0.003−0.008
)
× 0.8 ppm
D0 =
(
3.125+0.014−0.013
)
× 0.85 cm2K7/s
L = 0.198+<0.002−<0.002cm2/s
The uncertainty in x3i reported above is just the uncertainty taken directly from the fit.
The actual uncertainty is larger. In doing the fitting it was assumed the x3i at low and and
high concentration differed by exactly 1.7 ppm. In reality the 1.7 ppm number has a uncer-
tainty of 0.06 ppm (the uncertainty in the calibrated volume), which should be propagated
into the reported uncertainties giving an additional 0.075 × 0.8 ppm of uncertainty. Also,
given the correlation in x3i and D0 (see Fig. 41a), there is then approximately an extra
0.3 × 0.85 cm2K7/s uncertainty in D0 as well. Therefore, including the high concentration
data in this fashion doesn’t provide any real refinement in the fitted of x3i and D0. The best
one can say is the high concentration data are consistent with the D0 fitted using the low
concentration data. Fig. 43 shows the high concentration data plotted along with COMSOL
calculations using the values of D0 and L calculated in 4.3.3. The x3i value used for the
COMSOL calculation is 2.48+0.065−0.061 ppm.
4.3.6 Independent Fitting of the High Concentration Data
It could be argued a better result would be obtained by fitting the high concentration data
completely independently from the low concentration data. This way there is no additional
uncertainty from the measured 1.7 ppm. Doing so gives a D0 that lies in the range 3.0 −
3.2 × 0.85 cm2K7/s, and a x3i high x3 of 3.1 − 3.3 × 0.8 ppm. L is found to be about 0.198
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Figure 43: Plots of high concentration cycled averaged data with simulation results for D0
and L from Chapter 4.3.3. x3i is taken to be 2.48+0.065−0.061 ppm. Width of curves correspond
to the 1 σ confidence interval as determined from the uncertainties in the calculated values.
A typical uncertainty for one of the plotted points is 0.2 ppm. The uncertainty in each
point is calculated from the standard deviation in the average of the raw data points in
the corrsponding bin. For the high concentration data the overall χ2 is about 1.7, at low
concentration it is about 1.2, and for the combined data set it is about 1.4.
73
cm2/s. However, at high concentration we only have data at nominal temperatures of 550
mK and 450 mK, and the minimum χ2 is significantly greater at high concentration than
at low concentration (1.65 vs 1.18). This difference in reduced χ2 indicates an unaccounted
for uncertainty in the high concentration data. The source of this uncertainty must have
a characteristic time scale greater than the width of the bins used in the averaging of the
data or it would been accounted for in the error bars calculated for the cycle averaged data.
Because of this, the high concentration data, although consistent with the low concentration
data, is not used to adjust the value for D0 found in Chapter 4.3.3.
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5 Conclusion
The ability to transport polarized 3He produced by the ABS to the measurement cells is
critical for the nEDM experiment at SNS. The polarized 3He from the ABS is incident on
superfluid helium in the injection volume. For the 3He to reach the superfluid there cannot
be any vapor in the beam path. It has been demonstrated that this can be accomplished
using a film burner to cut the film and trap the vapor inside a baﬄe. For a cryostat with
the desired diameter, held at T = 0.31 K, a heater power of 3.4 mW (much smaller than
the available cooling power) is required to contain the vapor, indicating a film burner can
effectively be used to contain helium vapor in the SNS experiment
Once the 3He is in the injection volume a method is required to transport it the measure-
ment cells. It has been demonstrated that the heat flush effect can be used to transport 3He
with an initial concentration of x3i = 0.78+0.024−0.008 ppm through a 0.585 in diameter, 11.25 in
long tube. At 550 mK it is observed that for heater powers greater than 3.5 mW the ampli-
tude of the signal plateaus as nearly all the 3He is transported to the top volume. Similarly
this is also observed at 500 mK for heater powers greater than 4.8mW. High enough power
was not achieved, without losing stability of the top temperature, to observe saturation at
lower temperatures. A measurement of the diffusion constant between 350 mK and 550 mK
has been made at x3i= 0.78 ppm resulting in a value of D0 equal to 2.56+0.14−0.09 cm2K7/s, 3
times larger than what is calculated in [27, 28]. This discrepancy may indicate that previous
measurements of α[51, 52, 53], a parameter used in calculating the expected value of D0, are
inaccurate.
The SNS experiment will require 3He concentrations on the order of 10-10, well below the
regime explored in this thesis. Because of this, further testing is planned to explore heat
flush in this regime. The minimum concentration this experiment could measure was limited
by the precision of the capacitive pressure sensor. A SQUID based sensor is currently in
development that can potentially measure the heat flush response in the x3i= 10-10 range.
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A Comparison of Observed Uncertainties to Expected
Uncertainties in a Simplified Analytical Model
To better understand the observed uncertainty’s dependence on D0 and x3i a simplified model
of the problem was constructed that assumed constant temperature over the entire apparatus
and no x3 gradient inside the top and bottom volume. Doing so allows one to simply consider
the advection diffusion equation inside the tube giving ∂
∂z
(
D ∂x3
∂z
)
= −∂vphx3
∂z
. This in turn
gives a exponential solution whose amplitude can be found from conservation of x3 inside
the apparatus. The resulting expression for the amplitude is
A = x3i(2R
2
cLc +R2TLT )
R2cLc
(
1 + e−vphLT /D
)
+ R
2
TD
vph
(
1− e−vphLT /D
)
Where Rc is the radius of the top/bottom volume, RT is the radius of the tube, LT is
the length of the tube, and Lc is the length of the top/bottom volume. Using propagation
of error the expected uncertainty in the amplitude with respect to D0 can be determined.
Based on the results in Chapter 4.3.3 the uncertainty in D0 is roughly 5.3% of its measured
value. Using this value for the uncertainty in D0, Fig. 44 shows the uncertainty in the
amplitude as a function of phonon velocity.
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(a) Expected absolute uncertainty in amplitude from D0 at 550 mK
(b) Expected fractional uncertainty in amplitude from D0 at 550 mK
Figure 44: Expected uncertainty in amplitude from D0 at 550 mK
Comparing to the measured uncertainty in the amplitude, which we approximate as one
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half the width of the 1 σ uncertainty band at 100 s we get what is shown in Fig. 45.
Figure 45: Expected uncertainty from D0 at 550 mK (blue line) and measured uncertainty
(red points)
The size of the uncertainty matches at low vph, but at larger vph D0 doesn’t adequately
explain the observed uncertainty. If the contribution of the x3i uncertainty is added to
the prediction we then get a result which more closely matches the size of the observed
uncertainty at low and high vph (see Fig. 46).
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Figure 46: Expected uncertainty in the amplitude from D0 and x0 at 550mK (blue line) and
measured data (red points)
Based on these results the observed uncertainties seem reasonable.
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B Sinter Surface Area Measurements
Silver sinter is used to ensure good thermal contact between solid metal pieces and superfluid
helium in the heat flush test, by minimizing the thermal boundary resistance. The thermal
boundary resistance between a solid and superfluid, or Kapitza resistance, is proportional
to the inverse of the surface area [54]. The large surface areas (>1 m2 for a sintered surface
compared to a few cm2 for a flat surface) attainable by sintering a surface in contact with
surperfluid can therefore greatly reduce the boundary resistance between the sintered surface
and the superfluid, and consequently the resulting thermal gradients. For example, the silver
sintered ring used to improve thermal contact between the inside and outside of the capacitor
(see Fig. 20) increased the surface area from 0.0011 m2 to 9.3 m2 reducing the boundary
resistance by a factor of 8500. This ring reduces the thermal gradient across the inside and
outside of the capacitor that would give a false heat flush signal from the fountain effect.
It was made from 60 nm diameter silver powder compressed to 50% packing fraction. The
piece was placed in a press that maintains pressure on the sinter during baking. It was baked
in a hydrogen atmosphere at 200 C for 40 min (for Cu sinter 875 C for 30 min was used).
Similar procedures were employed in [54, 55] to produced sintered surfaces. Silver sinter is
also employed in the heat flush test to improve thermal contact between the top volume and
the superfluid in order to improve cooling from the mixing chamber.
In order to determine the increase in surface area, and therefore the decrease in thermal
boundary resistance, the final surface area of the sinter is measured. This is done by measur-
ing the amount of nitrogen gas adsorbed onto the surface at 77 K at several pressures, and
using an adsorption isotherm [54, 56] to determine the number of moles of gas required to
cover the surface in a single monolayer of liquid. A schematic drawing of the experimental
apparatus is shown in Fig. 47. The measurement procedure is as follows. The system is
evacuated (all valves open) and the test volume, containing the sinter, is cooled by filling
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a bucket dewar with LN2 and submerging the test volume. Once cold, pumping is stopped
by closing v1, and nitrogen gas is let into the “dosing” volume through v3 with v1 and v2
closed. The pressure seen at g1 is recorded. v2 is then opened allowing gas to enter the
test volume and adsorb onto the sintered surface. After the pressure being recorded by g1
and g2 has stabilized the change in pressure seen on g1 is used to calculate the number of
moles absorbed. By using the known dosing volume and the known effective test volume,
the test volume scaled by 300/77 to account for the change in temperature, the amount of
the observed change in pressure that is simply gas expansion can be calculated using the
ideal gas law. The excess change in pressure (∆P ) then corresponds to the amount of gas
adsorbed on the surface. v2 can then be closed and the process repeated to map out the
isotherm. g2 is used to monitor the pressure in the test volume when v2 is closed, as the
pressure should be constant during this time. An increase in pressure may indicate a leak
while a decrease in pressure may indicate the system hasn’t yet reached thermal equilibrium.
Figure 47: Experimental apparatus for measuring the area of sinter. Nitrogen gas is let into
a calibrated dosing volume from where it is released to the test volume, which is held at 77
K. The change in measure measured at g1 indicates the amount of gas adsorbed onto the
surface. v1, v2, and v3 are valves. g1 and g2 are pressure gauges
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The number of moles absorbed due to opening v2, letting the gas in the dosing volume,
at a pressure of Pd,i, into the test volume at Pt,i−1, where Pt,i is the pressure in the test
volume after opening v2, is then ni = ∆P (Vd + Vteff )/(kBTroom)/6.02 × 1023, where ∆P =
(Pt,i−1Vteff + Pd,iVd)/(Vteff + Vd) − Pt,i, Vteff is the effective test volume [54], and Vd is
the dosing volume and associated plumbing. The total number of moles absorbed in the
ith measurement is then simply ntotal,i = ni + ntotal,i−1. This technique was used in [54] for
sintered surfaces where the first monolayer fills in the pressure range of 38 to 228 torr where
the so-called Brunauer Emmett Teller (BET) isotherm can be used to determine surface area.
However, the pressure over which the first monolayer forms for our samples was generally too
small for the BET isotherm to be valid. It should also be noted that although the data in
[54] were taken in the correct pressure range for the BET isotherm they were unable to fit the
c parameter of the isotherm (a measure of the relative strength of monolayer vs multilayer
adsorption), making it unclear if this was the correct isotherm to use. Especially since unless
c≥ 100 the area reported by the BET isotherm is not reliable [56]. We instead fit our data
using the isotherm ntotal,i = nm Pt,iA+Pt,i +
nm
B
Pt,i derived in [56], where A is the pressure at
which 1/2 of the first monolayer is filled, B controls the slope with which the multilayers
fills, and nmis the number of moles of gas required to fill the first monolayer. nm can then be
converted to a surface area by assuming a coverage of 16.1 A˚2atom [54]. To ensure the validity
of this technique and the isotherm used, we performed at test with a known surface area.
The calibrated surface area was made from copper mesh with a mesh size and radius of 100
wires/in and 0.00225 in respectively. The mesh was cut into six 4.04 in × 36.25 in strips and
placed inside the test vessel. From this the mesh was determined to have a surface area of
1.6± .1 m2. The value measured using the adsorption technique was 1.9± .1 m2. Based on
these results we concluded we could effectively measure the surface areas of our samples to
within 20% accuracy. A plot of the data collected for the capacitor sinter us shown in Fig.
48 with the fit to the isotherm.
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Figure 48: Moles absorbed by the capacitor sinter as a function of the equilibrium pressure
inside the test vessel. Fitting to the isotherm (the red curve) indicates 9.5×10−5±1.6×10−6
moles were adsorbed to complete the first monolayer. This corresponds to a surface area of
9.26± 0.16 m2.
A series of copper sintered tubes to be used as heat exchangers in the 3He services dilution
refrigerator were also tested using this adsorption technique. The powder used was much
coarser (325 mesh or a typical particle size of 44 µm) then the silver powder resulting in
smaller surfaces areas per unit mass. These tubes (13 in long and 1/8 in ID) typically had
specific surface areas in the range 0.05-0.08 m2/g or total surface areas of 1.0-1.6 m2. To
confirm the repeatibility of our method one of our sintered heat exchangers was tested 3
times using the previously described technique. The first measurement, was taken several
months before the other two and gave a value of 0.97 m2, 16% greater than the other two
87
Figure 49: Plot of results from 1st, 2nd a 3rd test of a single heat exchanger tube. The first
test, which occurred several months before the 2nd and 3rd tests showed a surface area 16%
larger than the other two nearly identical tests. The 2nd and 3rd tests occurred sequentially,
pumping and thermal cycling the apparatus between tests.
which were nearly identical. Fig. 49 shows the results of the three tests. Also to make sure
the surface areas we obtained were model independent we tested the heat exchanger one
more time using a different method of determining the surface area. The original method
relies on mapping out the enough of the isotherm to get both the A and B parameters, which
requires several points at very low pressure (a few torr). However, if the test is done starting
at much greater pressure (30 or 40 torr), where, Pt,i  A, the isotherm can be rewritten as
ntotal,i = nm + nmB Pt,i, allowing the to be data fitted to a line where the y intercept can be
used to find the surface area. Using this method a value of 0.93 m2 was found for the surface
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Figure 50: Adsorption isotherm of the sintered heat exchanger in the the high pressure region
that is approximately linear. The y intercept of the displayed fit gives a surface area of 0.93
m2
area, which is within 10% of the other measured values (see Fig. 50).
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C Magnetic Materials Testing for the 3He services DR
The dilution refrigerator that will be used in the nEDM experiment at the SNS must be
free of ferromagnetic material in order to avoid stray magnetic fields that could depolarize
the 3He and add magnetic gradients to the holding field used in the neutron precession
measurement. In order to accomplish this goal the magnetic dipole moment of materials to
be used in the construction of the DR were measured using one of two methods. Samples of
materials that were small enough (6 mm long, 1 mm wide) were testing using a commercial
vibrating sample magnetometer (VSM) located in the Materials Research Lab (MRL) at the
University of Illinois. This magnetometer uses the change in flux through a pickup coil and
a superconducting quantum interference device (SQUID) to determine the dipole moment
along the z axis (the axis along which the sample is being passed through the coil). Pieces
that are too big to fit in the VSM at MRL were tested in a specially made magnetometer
at NPL. Unlike the VSM at MRL, the NPL device does not employ a SQUID and pick up
loops to measure the field. Instead the field is measured by a 3 axis fluxgate magnetometer.
Also it is capable of accommodating much larger samples. Fig. 51 shows a diagram of the
NPL magnetometer.
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Figure 51: Schematic of NPL magnetometer. The three mu metal shields enclose a fixed
fluxgate probe. There are three separate sensors in the fluxagte that measure the x, y
and, z components of the field. These sensors are separated vertically along the length of
the probe. An alumaium rod with a 9 mm radius calibration coil mounted 460 mm from
from the bottom of the rod, where samples are mounted, can be moved vertically using a
stepper motor. This rod and motor serves both to move the sample or coil into position for
measurement, and to oscillated the sample about the probe
In order to get an accurate measurement a calibration must be done to determine the
distance between the Bx, By, and Bz sensors and the sample. This calibration is done using
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a calibration coil (made from 5 turns of wire with a 9 mm radius) mounted on the aluminum
rod at a fixed distance from the sample mount. After the rod is positioned so the coil is
aligned with the Bx sensor, a 1 mA current is run though the coil (producing a known dipole
moment of 1.28 Amm2 along the z axis), and a stepper motor oscillates the coil about the
fluxgate with a known amplitude (25 mm) and rate (0.1 cycles/step). The signal produced
is large enough that it can be fit in the time domain using Eqs. C 1.-C 3., where Bi(t) is
the ith component of the field, u0 is the permeability of free space, m is the known magnetic
moment, B0i is the ith component’s background field inside the shield, ri(t) is the distance
from coil to the ith sensor, and zi(t) is the vertical distance from the coil to the ith sensor.
Additionally T is the period of the sample oscillation, φ is the phase, A is the amplitude,
and z0i is the average distance in the z direction between the coil and the ith sensor.
Bz(t) =
µ0m
4rz(t)3
(3zz(t)
2
rz(t)2
− 1) +B0z (C 1.)
By(t) =
3µ0my zy(t)
4ry(t)5
+B0y (C 2.)
Bx(t) =
3µ0mxzx(t)
4rx(t)5
+B0x (C 3.)
ri(t) = (x2 + y2 + zi(t)2)1/2
zi(t) = z0i + A sin(2pit/T − φ)
This fitting is used to extract the x, y, and z displacements of the sensors from the coil,
which using the known distance between the coil and the sample mount, as well as the
sample dimensions can easily be translated to the relevant positioning information for the
sample. Fig. 52 shows plots of the calibration data from a test of a Si Bronze screw with
their fits
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Figure 52: Calibration data measured during the test of a SiBronze screw along with the
fitted field components for a dipole oriented along the z axis used to determine sensor dis-
placements. 93
When measuring the field from a sample a similar measurement procedure is used to
determine the dipole moment. The position of the stage is adjusted so that the x component
sensor lines up with the sample, and the sample is oscillated about the probe. For most
samples the signal from the sample is much smaller than the background field, despite the
shields, making a direct fit in the time domain difficult. But, by taking the Fourier transform
(see Fig. 53)
Figure 53: FFT of a SiBronze screw. The off scale DC component is the constant background
in the shields, while the signal at 0.1, 0.2, and 0.3 cycles/step is the field of the screw
and extracting the signal at 0.1 cycles/step and it’s harmonics, the magnitude of the
field from the sample can be determined. Note that this only works if the amplitude of the
oscillation is large enough that the field from the sample is effectively zero when the sample
is furthest from the probe. The amplitude obtained from the FFT is then the used to
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reconstruct the time domain signal generated by the sample and the peak to peak amplitude
of the reconstructed signal is taken as the field generated by the sample when closest to
the sensor. This is done for all three components. The maximum field magnitude is then
approximated by adding the components in quadrature and taking the square root. This
should give a slight over estimate of the field since each sensor is displaced from each other,
and therefore all three maximums do not actually occur at the same time. The relationship
between the field and dipole moment is given by −→B = µ04pi
(3rˆ(rˆ·−→m)−−→m)
|−→r |3 . The angle could be
approximated from the magnitude of the components and m could be determined using the
previous equation, however, the purpose of these measurements was to establish whether
a material should be used in the construction of the dilution refrigerator. Therefore we
generally assume −→m perpendicular to −→r as a worst case, as this will give the largest possible
m. Note that since the field is maximum when the sample is closest to the probe, z(t) = 0,
giving r =
√
x2 + y2; x and y were determined during calibration. So since −→r is known to
be in the x, y plane assuming −→r perpendicular to −→m is the same as saying −→m points along
the z axis. For this case m = 4pi
µ0
Br3 . To ensure this method works, a CuNi sample was
tested in both apparatus. The signal as seen in the NPL magnetometer was much greater
than the background field so a FFT was not needed to extract the relevant signal. Instead
the amplitude of the signal could be determined directly in the time domain. The observed
field corresponded to a magnetic moment of 27 Amm2. When testing using the MRL VSM
a coil is used to control the field inside the measurement region. A zeroing procedure is
needed to make sure the actual field is a close to zero as possible since a large field will affect
the magnetization of the sample. Two sets of measurements were taken with the field being
re-zeroed between the measurements. One of the measurements gave a value of -9 Amm2
and the other gave 28 Amm2. This discrepancy is believed to be due to the accuracy of
the MRL VSM’s field zeroing. The accuracy of the field’s zero is ±5µT [57], whereas the
background field in the NPL magnetometer is 100 times smaller.
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D Kapton Conductance Test
Due to the radiative heat load from the ABS the helium jacket needs to be able remove
enough heat to keep the injection volume less than or equal to 300 mK. Cooling from the
dilution refrigerator will hold the jacket at 250 mK. A test of the maximum heat load that a
Kapton injection volume can handle and still maintain a temperature equal or less than 300
mK was performed. The test apparatus consisted of a Kapton tube with superfluid inside
and outside the tube. A heater, made from resistive wire, was located inside the tube and
winded around a Torlon spool piece. The heater provided a heat load to mimic the radiation
heat load from the ABS. Temperature sensors were located inside and outside the tube. Fig.
54 shows a cross sectional view of the apparatus.
96
Figure 54: The conductance test apparatus consists of a Kapton tube, and an heater mounted
on a Torlon spool piece. The heater provides the simulated radiation heat load. Temperature
sensors are located inside and outside the tube. The outside temperature sensor is held
constant using a PID loop, while the change in temperature on the inside is used to determine
the conductance. A Torlon endcap separates the superluid inside the tube and outside, and
is attached via screws to a support plate which prevents the tube from collapsing when
evacuated.
The test was performed by holding the outside jacket of liquid helium constant by PID
controlling the mixing chamber heater, while increasing the power of the inside heater. The
inside temperature was recorded as a function of heater power. Assuming the outside and
inside temperature are equal when the heater is off, the change in the inside temperature
when heat is applied is then equal to the temperature difference across the Kapton. Fig. 55
shows the change in the inside temperature as a function of heater power.
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Figure 55: Change in measured temperature inside the Kapton tube as a function of applied
heater power. The lines on the plot are simply guides for the eye
Since conductance is κ = Q/∆T , the conductance of the tube for a given outside tem-
perature can be calculated by fitting the curves in Fig. 55 to lines and taking the inverse
of the slope. Fig. 56 shows a plot of the resulting conductance as a function of outside
temperature. The calculated conductance now needs to be converted to the conductance of
the actual injection volume. Starting from the one dimensional heat equation, if we take
dT
dx
≈ 4T
L
, for the thermal gradient from the inside to the outside of the tube, where L is
the thickness of the tube we get Q = KA
L
4 T , where Q is the heater power, K is the ther-
mal conductivity, and A is surface area of the tube. From this we can identify the thermal
conductance as κ = KA/L. Since K is property of the material and is independent of the
dimensions of the tube, to get the conductance for the actual injection volume the measured
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Figure 56: Thermal conductance as a function of the temperature outside the Kapton tube.
The thermal conductance is calculated from the inverse of the slopes of the change in inside
temperature vs power curves (Fig. 55). The red curve on the plot is a parabolic fit of the
conductance, κ = 2.0× 10−7 ± 1× 10−8T 2outside − 1.9× 10−5 ± 3× 10−6Toutside.
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conductance should be scaled by A/L. The test tube has a radius of 0.966 cm, a length of
3.61 cm, and is 0.0077 cm thick; while the actual injection volume has a radius of 2.2302 cm,
a length of 3.175 cm, and is 0.0077 cm thick, giving A/L = 2.031. Then, given the temper-
ature inside the actual injection volume is not to exceed 300 mK, the maximum allowable
heat load as a function of outside temperature, is calculated using the heat equation and
the scaled conductance. Fig. 57 shows the maximum allowable heater power as a function
of outside temperature.
Figure 57: The calculated heater power required to bring the inside of the actual injection
volume to 300 mK as a function of outside temperature. This power corresponds to the
maximum allowable radiation heat load into the injection volume. For outside temperatures
below 270 mK the calculated maximum heater power lies outside the heater powers measured.
An linear extrapolation suggests the injection volume, when run at 250 mK, can handle heat
loads as large as 0.9 mW
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This data suggests that if the outside temperature is maintained at 270 mK than the
maximum radiation heat load the injection volume can handle without exceeding 300 mK is
0.6 mW. Extrapolating this data gives that at 250 mK the injection volume can handle 0.9
mW of heat from the ABS.
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